Self-acousto-optic Raman-Nath modulation and nonorthogonal transversal modes are found in a broad-area Nd:YAG single-shot laser. The device is free from the thermal-induced effects previously related to orthogonality violation and the acousto-optic modulation comes from a shock wave produced by the discharge of the flash lamps that optically pump the laser. The experimental findings are reproduced by a general model of a class B laser.
I. INTRODUCTION
Spatio-temporal dynamics of high-power lasers has been a challenging topic of research during the last two decades [1] [2] [3] [4] . The nonlinear interaction of the laser field and the medium can lead to the onset of complex phenomena, such as spatial and spectral burn, modal instabilities, or beam filamentation. These complex instabilities reduce the spatial beam coherence, brightness, and output-coupling properties of these lasers. Applications such as frequency doubling, free-space communication, or material processing are greatly affected by such instabilities and could benefit by controlling the spatio-temporal characteristics of high-power devices.
In the present work we report the emergence of nonorthogonal modes (NOMs) and transverse mode beating splitting due to the Raman-Nath acousto-optic effect in a pulsed, single-shot Nd:YAG broad-area laser, pumped by two flash lamps. Although diode pumping is increasingly used nowadays in solid state lasers, flash lamps are still widely chosen in high-power, pulsed lasers. In these systems, a pulse discharged in the flash lamps is able to reach high values of the pump above threshold, normally for pulse lengths of some tens of microseconds. Under these conditions, and for broad-area lasers, a large number of modes are able to overcome losses and nonlinearly couple between them and with the medium variables. The loose boundary conditions do not impose a transverse beam profile, causing the spatio-temporal dynamics to be more sensitive to inhomogeneities or asymmetries of the pump. In this work we show that these small asymmetries lead to the generation of NOMs, even when thermal effects are negligible, as is the case for single-shot lasers.
In addition, we observed a modulation of the local intensity, which translates as a splitting of the transverse mode-beating peaks in the power spectrum. We explain these experimental findings as the coupling between the laser field and a stationary acoustic wave transverse to the direction of propagation through the Raman-Nath effect [5] . The origin of this acoustic wave relies on the intense discharge of the flash lamps, which generates a shock wave inside the medium and in turn, creates a transverse index grating. The interaction of the laser field with this grating leads to the observed splitting. A numerical model taking into account this interaction supports our interpretation. Some exciting work has also been done in controlling the spatio-temporal dynamics of broad-area resonators by the insertion of photonic crystals inside the cavity [6, 7] . The basic idea is that the propagation of unwanted off-axis plane waves with a certain wave vector can be inhibited by a oneor multidimensional photonic structure. This technique has recently proved to be experimentally possible in a verticalcavity surface-emitting laser coupled to a external cavity where a one-dimensional photonic lattice was induced [8] . In this context, the index modulation that arises due to the Raman-Nath effect could be a way to improve the beam quality of high-power lasers.
Attention to the breaking of the orthogonality condition that characterizes the empty cavity modes, usually employed to describe laser dynamics, is surprisingly recent. Otsuka et al. [9, 10] found experimental evidence of NOMs in sheetlike end-pumped Nd:YAG and LiNdP 4 O 12 solid state lasers in 2002, and they explained their presence as the result of a deformed thermal lens effect due to asymmetric pumping. They reported a high-speed modulation in the total output intensity (∼500 MHz) and energy level repulsion with increasing power as well. Kawaii et al. [11] also found NOMs in a highly-doped Nd:YAG microchip ceramic laser, where the origin of NOMs lies in a random thermally induced birefringence due to an increased number of grain boundaries. Asymmetric pump profiles have also proved to generate new types of vortex array beams in thin-slice solid-state lasers [12] . These publications relate asymmetric pump profiles or high dopant densities to nonorthogonal modes in cw-diodepumped lasers, where thermal effects play a vital role on the selection and dynamics of the transverse modes. In fact, the thermal-induced asymmetry of the index of refraction has been identified as responsible for the NOMs in these systems. In a recent work [13] , an intensity modulation induced by the interference of NOMs was found in various single-shot Nd doped solid-state lasers where thermal effects are negligible. In the present study we further analyze the onset of NOMs both experimentally and theoretically under these conditions, and we show that, for single-shot pulsed lasers, the asymmetric gain profile induced by the pump can be a sufficient effect to generate NOMs.
II. EXPERIMENTAL SETUP
The experimental setup is the same as used in Refs. [13] and [14] . We use an air-cooled, single-shot, low-pulse-energy (<50 mJ), flash-lamp-pumped prototype. The active medium is a Nd:YAG cylindrical rod (62 × 6 mm) placed in a bielliptical gold cavity between two flash lamps. The laser emission is centered at a wavelength of 1064 nm and the intensity spectrum reveals that some axial and transverse modes are able to oscillate within the gain linewidth. The L = 23 cm resonant cavity is composed of a R = 10 m total reflector and a plane 70% output coupler. This system gives a total output pulse length of ∼100 µs. Intensity oscillations were measured using two fast photodiodes (∼1 ns of rise time) connected to a 6-GHz oscilloscope. One of the detectors followed the intensity of a small fraction (100 µm wide) of the total pattern while the other recorded the spatially integrated laser intensity. In order to perform a good spatial integration the photodetector collected the diffuse reflection from a plate covered by magnesium oxide. Figure 1 shows the temporal evolution of local and total intensities for pumping three times above threshold. The typical relaxation oscillations of ∼500 kHz and the mode-beating oscillations at higher frequencies are shown. Two examples of instantaneous intensity patterns under these conditions can also be seen in the corresponding insets.
III. EXPERIMENTAL RESULTS
We made an estimation of the expected frequencies of the resonator modes using
which is strictly valid for the case of Gaussian-Hermite modes [15] . Here ϕ accounts for the Guoy phase. This equation gives an axial beating of 565 MHz while transverse modes will generate an interference of about 29 MHz. It must be noted that, although transverse modes are defined in cw lasers, their application to transient dynamics is completely correct, as was demonstrated by several authors (see, for example, Ref. [16] ). We acquired intensity evolution information and searched for the corresponding mode beatings in the Fourier domain. Figure 2 (bottom panels) depicts the experimental spectra obtained from these measurements with a resolution bandwidth of 4 GHz. In that figure the local intensity corresponds to a point located at the center of the beam. Here beatings have a transverse origin, as axial interference was registered at much higher frequencies. Mode beatings present in the local spectrum but missed in the global spectrum correspond to truly orthogonal modes. Those appearing in both spectra present some degree of nonorthogonality. In the absence of thermal effects, this modulation of the global intensity can be explained by any small uncontrolled difference in the radiation emitted by the two pumping flash lamps, which may give rise to pump asymmetry and consequently to NOM generation through the dependence of the index of refraction on the population inversion [5] . To test our hypothesis a thin slice of the Nd:YAG rod was illuminated by the flash lamps and the spatial luminescence profile was imaged by a lens onto a high-speed IR-enhanced camera sensor (4QuickE, Stanford Computer Optics, Inc.). The spatial pump profile induced by both flash lamps is proportional to the measured luminescence, where changes in the profile due to amplification of the light as it travels along the rod were avoided by selecting the thin slice of the rod. This measurement is depicted in Fig. 2 (left upper panel). The asymmetry of the profile can be clearly seen in the one-dimensional section shown in the right upper panel of the same figure.
In order to get a deeper insight into transverse mode dynamics we analyzed the time evolution of the power spectra for both the total and local intensities. Figure 3 shows this evolution where the local intensity is measured at four different points of the transverse plane, from the center to the outer part of the beam. Some interesting features can be extracted from these data. Two clear peaks corresponding to beatings between transverse modes are present in all the cases, although they are broadened due to the complex dynamics characteristic of broad-area lasers. In the central region of the laser spot these beatings are only visible during the first stages of the laser emission, where the intensity is maximum. As we move further toward the edge of the beam much longer lasting mode beatings appear. Moreover, the power spectrum of the local intensity for a point located in the outer part of the beam reveals a splitting of these peaks. An expansion of the region around 35 MHz (the first peak) can be seen in Fig. 4 (left) , showing a splitting in seven different peaks, with a frequency separation of 1.6 MHz between them. In fact, a well-distinguished peak at that frequency can also be found in the local power spectrum (see Fig. 5 , inset). This splitting is fainter in the power spectrum of the local intensities corresponding to points closer to the center of the beam, as can be seen by direct comparison in Fig. 3 .
We explain this behavior as a self-induced modulation due to the acousto-optic Raman-Nath effect. The intense discharge of the flash lamps generates a compression wave in the surrounding air, which induces an acoustic excitation in the rod. After a short transient prior to laser emission, a stationary wave produced by multiple reflections is expected to arise. Although a complete description of this excitation would require the handling of axial, azimuthal, and radial vibration, we focus on the radial components for simplicity and because transverse components will play the most important role in the light scattering.
Radial stationary acoustic waves are spatially described by a Bessel differential equation of order 1. by applying the boundary conditions of continuity of the function and its spatial derivative a range of possible wavelengths can be obtained (see Appendix for a detailed calculation). Finally, this can be translated to frequency values by knowing the velocity of sound in Nd:YAG, V , which can be calculated by the formula
Here and µ are the Lamé coefficients, while ρ is the density of the material. For the case of Nd:YAG we have not found explicitly the values of the Lamé coefficients, while ρ = 4.55 g/cm 3 . However, they can be calculated knowing the Young modulus and the Poisson ratio of the medium [17] . The values found for Nd:YAG are 310 GPa for the Young modulus and 0.3 for the Poisson ratio [18] , which finally gives V = 9566 m/s. Therefore, the range of values of the acoustic frequency is 1 < ∼ ν ac < ∼ 1.8 MHz, showing good agreement with the observed value. The almost absence of this modulation in the local intensity of points close to the center of the beam can be understood by considering the amplitude profile of the stationary acoustic wave, which matches that of the Bessel function J 1 (kr). This function shows a zero at r = 0, and, therefore, so will the density modulation at the center, taking small values close to it. Then, scattering of the optical field will be much more effective in the outer parts of the rod, where the effect has been clearly seen.
IV. THEORETICAL ANALYSIS
Small-area lasers are usually described by a small set of transverse modes whose competition gives rise to the observed dynamics. Therefore, a system of ordinary differential equations for the amplitudes of those modes must be integrated [19] . The theoretical analysis performed in previous works on NOMs [9, 20] relies on this approach. However, although useful to reproduce the temporal dynamics found in the lasers studied (such as chaotic relaxation oscillations or breathing 053824-3 modes), it imposes the modal-beat-mediated modulation of the output intensity from the beginning. It is interesting to know whether the general system of Maxwell-Bloch equations can reproduce the appearance of NOMs for an asymmetric pump profile, without any previous ansatz about the electric field and gain modulation. Moreover, the description of broad-area lasers such as the one studied here by means of a decomposition of the electric field on a small number of transverse modes is not satisfactory. Thus, we integrate the full Maxwell-Bloch system of equations without any previous assumption for either asymmetric and symmetric pump profiles, proving the appearance of NOMs for the former case. This system, under the mean-field, rotating-wave, slowly varying envelope and adiabatic approximations, is
where zero detuning of the laser frequency with respect to the atomic frequency has been assumed for simplicity. Although our laser presents more than one excited longitudinal mode, all of them follow the same spatio-temporal dynamics, as was shown in Ref. [14] . In Eq. 9 s −1 is the inverse of the photon lifetime. Its value is chosen to fit the simulated spectra with experimental observations. The dimensionless time τ = tκ is used in the equations. γ = 3.1 × 10 −6 is the population constant decay, normalized to κ. r(t,x,y) is the pumping parameter, whose spatial profile determines the emergence of NOMs and whose temporal evolution was matched to the experiment. η(x,y) is the loss profile. Finally, s = (x,y)/ω 0 represents the dimensionless transverse coordinates, and the inclusion of the term −4ias 2 accounts for the phase shift induced by the presence of the spherical mirror. Figure 6 (upper panels) shows the symmetric and asymmetric pump profiles used in the simulations; the latter are very similar to the measured profile. In agreement with our hypothesis, the beat-mode frequencies are absent in the spectrum of the total intensity for the former case, while they are present in the latter [see Fig. 6 (bottom panels), where a bandpass filter has been employed for better observation of the transverse mode-beating frequencies]. These results prove that the spatial pump profile is responsible for the appearance of NOMs, excluding other possible origins, such as nonlinear mixing of the relaxation oscillations and transverse mode beating. It must be pointed out that in the numerical results shown no previous assumption has been made on the electric field nor on the spatial gain profile, i.e., the beat-mode-mediated modulation of the intensity is reproduced by a proper selection of the pump profile and the boundary conditions, without thermal-induced change of the index of refraction.
The appearance of nonorthogonal modes has been explained in cw lasers by an asymmetric thermal lens effect induced by the asymmetry of the spatial pump profile. The laser-induced temperature change modifies the refractive index with a spatial profile that matches that of the pump beam, therefore leading to an asymmetric index confinement [9] . However, in our pulsed, single-shot laser, YAG-matrix device, thermal effects are not expected to play a significant role in the dynamics [18] . Despite this, the refractive index profile depends on the spatial pump distribution through the population inversion, which is proportional to pumping. Therefore it is expected that the asymmetry of the pump will be transferred to the index of refraction through the population inversion, allowing the onset of NOMs. Figure 7 clearly shows the asymmetry of the spatial distribution of the population inversion calculated for the pump profile depicted in Fig. 6 . As is well known, the expression of the refractive index for a collection of two-level atoms reads [5] 
where µ ba is the induced electric dipole moment between levels a and b, ρ bb − ρ aa is the population inversion, ω ba is the transition frequency, and 1/T 2 is the damping rate of the electric polarization. The effect of an inhomogeneous transverse distribution of the population inversion on the transverse output profile was previously studied in Ref. [21] . In this work it is shown that the change in refractive index by this mechanism is enough to modify the output intensity pattern. It must be noted that this change in refractive index is independent of any other thermally induced change. Also, a more intense pumping always causes n(ω) to increase, while in the case of thermal effects the change in refractive index depends on the sign of the coefficient, dn/dT , characteristic of each material. Consequently, in cases where thermal effects need to be taken into account, the above dependence of n(ω) on the population inversion needs to be added to or subtracted from the thermal change of the refractive index.
Raman-Nath scattering is produced for short interaction lengths between the light and the acoustic wave as it is the case under study. The density variation generated by this acoustic perturbation modulates the dielectric constant of the medium. Consequently, a refractive index grating is created, and scattering of the incident optical wave is produced. To reproduce the observed self-modulation due to the acoustooptic Raman-Nath effect shown above the previous equations are not sufficient. However, Eq. (3) can be modified to include the density modulation due to the acousto-optic effect. First, it must be noted that the macroscopic population inversion D(x,t) is defined as D(x,t) = ρd(x,t), where d(x,t) is the microscopic population inversion and ρ is the density. Now, due to the Raman-Nath effect, ρ is modulated according to the expression ρ(x,t) = ρ 0 [1 + g(x,t)] with g(x,t) = cos(2πν ac t)sin(2πx/λ ac ). Here, λ ac stands for the acoustic wavelength, ν ac = V /λ ac , and V is the acoustic velocity. In these numerical simulations we have used a sinusoidal density modulation for simplicity, instead of the radial wave described by the Bessel function of the first kind, J 1 (kr). This is justified by the similar behavior of both functions, and thus no qualitative changes should arise. Therefore, and after some algebra, Eq. (3) is transformed to
Here f (x,t) = 1 − (2πν ac /γ )g(x,t), which holds for 1. This model supports the interpretation of the experimental results based on the presence of a stationary transverse acoustic wave in the Nd:YAG rod. Figure 8 shows the power spectra of the local and total intensities, respectively, where = 0.01 has been used. A new peak at 1.6 MHz can be seen, in agreement with the experiments. The temporal evolutions of the spectra are shown in Fig. 9 . Mode splitting and the appearance of NOMs are also present.
V. CONCLUSIONS
We found nonorthogonal modes and self-acousto-optic modulation in a single-shot, thermal-lens free Nd:YAG device. The degree of nonorthogonality strongly depends on the asymmetry of the pump, as could be explored in simulations based on the general Maxwell-Bloch semiclassical equations, without assuming any field decomposition.
Nonorthogonal modes emerge from a deformed distribution of the index of refraction due to the asymmetric gain profile. This mechanism can play an important role in systems where thermal effects do not govern transverse dynamics, such as in think-disk lasers, which combine a very small thickness and a very efficient cooling at one of its flat faces. Thus, a very weak thermal lens is developed [22] . Besides thin-disk lasers, broadarea semiconductor lasers can be good candidates to show the described effects when operated in the low-duty, shortpulse regime, with pump pulses shorter than the characteristic thermal time scale of some hundreds of nanoseconds, a regime used to obtain high-output powers [23] . For those cases where thermal effects are not negligible, both effects influence the spatial distribution of the index of refraction. The stronger effect will dominate the dynamics.
Transverse mode splitting is observed in the power spectrum of the local intensity. This effect has been explained as a coupling between an acoustic wave caused by the flash-lamp discharge and the optical field inside the cavity. Including the density modulation in the semiclassical model reproduces the main characteristics of the experimental results. Owing the origin of the effect, it must appear in many of the flash-lamp-pumped solid-state lasers, including several common industrial models. In the near future we plan to observe the effect in some well-known important flash-lamp-pumped solid-state lasers. We will also study the feasibility of future applications, such as broad-area beam quality improvement though index modulation due to the Raman-Nath effect.
APPENDIX
Here we review the wave equation for radial waves in cylinders and the calculation that leads to the estimated frequency range mentioned in the description of the experimental results. It must be noted that these calculations do not pretend to give a full description of the vibrations inside the Nd:YAG rod; rather, they provide a proof of consistency of the interpretation made. Complete analysis of rod vibrations would require the study of axial, radial, and azimuthal components and is beyond the scope of the present paper. However, due to the active medium geometry it is expected that only radial waves will play an important role in light scattering by the acousto-optic effect.
The wave equation in cylindrical coordinates and for pure radially excitations reads 
where r is the radial coordinate and u(r,t) = α(t)β(r) for stationary waves. In this case, it is straightforward to arrive at a Bessel differential equation for the spatial part of u,
Here ρ = kr. The solution to this equation is the Bessel function of the first kind, J 1 (ρ), which is zero for r = 0, i.e., at the axis. By joining this solution with the temporal part α(t), the acoustic excitation takes the form u(r,t) = Aexp(iωt)J 1 (ρ). To obtain the value of k, and thus the wavelength, boundary conditions must be considered. The stationary wave u(r,t) is created by multiple reflections of outgoing waves at the rod surface. Part of this excitation is reflected but some will be transmitted to the surrounding air, creating a traveling wave u air = B cos(ωt − k t r + φ). At the rod surface, continuity of the excitation function u and its derivative must be ensured. Therefore, u(R,t) = u air (R,t), (A3) ∂u ∂r r=R = ∂u air ∂r r=R ,
where k t is the wave number of the transmitted wave to the air and R is the rod radius. These equations impose some conditions on the possible values of the internal excitation wave number k. In particular, the spatial part of u, i.e., J 1 (ρ), inside the rod cannot be maximal nor zero at the surface. In those cases, the traveling wave u air should also be maximal, minimal, or zero at the surface, which cannot be fulfilled for all times, according to its expression. Then, the value of ρ = kr at the surface must be within the range delimited by the first maximum of J 1 (ρ) (ρ 2) and the first zero (ρ 3.8),
2 < ∼ kR < ∼ 3.8.
Taking into account the velocity of sound in Nd:YAG V = 9.5 × 10 3 m/s and the radius of the rod, R = 3 × 10 −3 m, we can finally extract the range of possible frequencies for the internal excitation: 1.0 < ∼ ν ac < ∼ 1.8 MHz. These values are consistent with the measured frequency modulation in the output local intensity (1.6 MHz).
